t National Research Council (1985) .
Waltham Centre for Pet Nutrition has shown that when all essential amino acids are present at more than adequate concentrations, about 10% protein energy is required to maintain adult cats in protein (N) balance (Burger et al. 1984; Burger Sr Smith, 1987) . No such studies exist in dogs. However, the National Research Council (1985) recommends that 6% of energy comes from dispensable amino acids. These studies showed that the higher protein requirement of the cat is not due to an increased requirement for essential amino acids but a need for more protein in total, irrespective of its essential amino acid content. The metabolic explanation seems to lie with the increased activity of the N-catabolizing enzymes. Alanine aminotransferase (EC 2.6.1.2) and glutamate dehydrogenase (EC 1.4.1.3) activities are greater than those of either the dog or the rat (Table 3 ; Schaeffer et al. 1989 ). In contrast, the level of enzyme activity f i x the breakdown of the essential amino acids (e.g. threonine dehydratase (EC 4.2.1.16), serine dehydratase (EC 4.2.1.13); Rogers et al. 1977 ) is lower in the cat than in rats fed on a high-protein diet. Finally, unlike other mammals that can adjust their rate of protein breakdown, cats seem unable to 'switch off these mechanisms when presented with a low-protein diet (Table 4 ; Rogers et al. 1977) .
A rginine
In addition to a high total protein requirement, the cat's requirements for a number of the individual amino acids are of particular interest. Both cats and dogs show signs of * Expressed in per cent of activity measured when fed on the low-protein diet hyperammonaemia when fed on an arginine-free diet (Morris & Rogers, 1978a,b; Czarnecki & Baker, 1984) . However, arginine deficiency is more severe in the cat, since a single arginine-free meal results in severe adverse effects 2-5 h later. Hyperammonaemia occurs following an inability to metabolize N compounds via the urea cycle, and in serious cases can lead to death (Morris & Rogers. 1978a,b) . A comparison of the clinical signs in cats, dogs, ferrets and rats following consumption of an arginine-free diet led Morris (1985) to the conclusion that cats and ferrets are more sensitive to a deficiency of dietary arginine, dogs being intermediate, while growing rats exhibit only a depression in food intake. The addition of ornithine to an arginine-free diet can prevent hyperammonaemia in kittens and puppies, although other clinical signs such as body-weight loss in kittens are not prevented (Morris & Rogers, 19788; Czarnecki & Baker, 1984) . Other studies on citrulline supplementation showed that this latter intermediate of the urea cycle was not as efficiently utilized as arginine (Morris et al. 1979; Czarnecki & Baker, 1984) . The susceptibility of cats to arginine-free diets seems to be related to the low activities of two enzymes involved in intestinal ornithine synthesis (pyrroline-5-carboxylate synthase (EC 1.5.1.2) and ornithine aminotransferase (EC 2.6.1.13); for further details, see Morris, 1985; Rogers & Phang, 1985) . After an overnight fast, depletion of the urea-cycle intermediates occurs in the liver and in the circulation. When the cat is given an arginine-free meal, protein catabolism and amino acid deamination overload the urea cycle which is then unable to dispose of the NH3 produced. Reliance of the cat on its diet for precursors of the urea-cycle intermediates, rather than de novo synthesis, is intlicati.de of the natural animal-derived diet of the cat.
Sulplzur amino acids and taurine
No discussion of the amino acid requirements of companion animals would be complete without mention of the importance of the S amino acids and of taurine in cats. The dietary requirement of cats for methionine and cysteine is higher than that for most other mammals, including the dog (Table 2) . It was first thought that the urinary excretion in cats of felinine, a unique branched-chain amino acid, was one of the reasons for this high requirement. However, Rogers (1963) showed that 35S from [35S]methionine or [35S]cysteine was not incorporated into felinine. Thus, if the physiological significance of felinine is territorial marking (urinary excretion of felinine is higher in adult male than in adult female cats) or involvement in the regulation of sterol metabolism, the roule of its synthesis is not known. Methionine and cysteine may act to a limited extent as precursors of taurine synthesis. However, the quantity of S amino acids needed for this synthesis does not account for their high requirement (National Research Council, 1986) . Cysteine is metabolized by at least four pathways, only one of which involves the oxidation of cysteine followed by decarboxylation of cysteinesulphinate to produce taurine. The other pathways involve desulphydration of cysteine to release pyruvate, NH3 and S. The direct pathway of desulphydration accounted for 8148% of the enzyme activity in the tissue of cats fed on a high-protein diet (Park et al. 1991) . The reasons for cats requiring imore S amino acids than dogs are still not explained; one suggestion is that it is related to the thick coat of the cat (MacDonald et af. 1984).
The particular importance of taurine in cat nutrition was discovered less than 20 years ago when a taurine deficiency in cats was associated with central retinal degradation (Hayes et al. 1975) . More recent research suggests that taurine deficiency is also associated with poor reproductive performance in breeding females, poor growth in kittens and dilated cardiomyopathy in adult cats (Sturman et al. 1986; Pion et al. 1987) . Taurine is a p-amino sulphonic acid (2-amino ethane-sulphonic acid) and as such1 is not present in protein, but its concentration in animal-derived materials is high (National Research Council, 1986) . Taurine is an endproduct of S amino acid metabolism and is normally synthesized from cysteine in the liver (Fig. 1) . Its main physiological significance is its conjugation with bile acids, its presence in some peptides and its role in the osmoregulation of cells. It is not metabolized as such by cat tissues since endogenous or dietary taurine is excreted in urine without modification. However, taurine can undergo microbial degradation in the gastrointestinal tract. Unlike most other animals, cats are not able to synthesize sufficient taurine to meet their needs due to a low activity of the enzymes cysteinesulphinate decarboxylase (EC 4.1.1.29) and cysteine dioxygenase (EC 1.13.11.20) (Hardison et ul. 1977; Knopf et al. 1978 ; for review, see . However, according to current thinking, the high requirement of cats for taurine is more probably linked to bile acid enterohepatic circulation. In mammals, bile acids neosynthesized in the liver or recycled from the intestine are conjugated to glycine or taurine before being secreted into bile. Cats, unlike humans but like rats and dogs, conjugate most of their bile acids to taurine. In addition, cats and dogs, unlike rats, are unable to switch to glycoconjugation when taurine is limiting, and in taurine depletion some free bile acids appear in bile in cats (Hickman et al. 1992) . Bile salts secreted into the small intestine will be mainly reabsorbed by passive and active transport in the jejunum and ileum respectively, but they might also be deconjugated and/or metabolized into secondary bile salts by intestinal bacteria. Taurine released by deconjugation may be either reabsorbed from the intestine or lost from the taurine pool. Thus, bile salt production represents an obligatory loss of taurine for the cat (Sturman et al. 1978) . The cat's requirement €or taurine is higher when fed on a canned food than when fed on a dry food (canned food 2200-2500 mg taurine/kg dry matter; Pion et al. 1989; Earle & Smith, 1991 ; dry food 1000 mg taurine/kg dry matter; Douglass et al. 1991) . The reasons for this discrepancy have yet to be explained but one hypothesis is that the enterohepatic circulation of bile salts is increased in cats fed on canned products since, on a dry matter basis, these generally contain more fat than dry products. If this is the case, deconjugation of bile salts by intestinal bacteria will be increased and, although some taurine is usually reabsorbed from the intestine, its excretion from the digestive tract may be augmented.
VITAMIN R E Q U I R E M E N T S

Nicotinic acid
In most animals, nicotinic acid is an endproduct of tryptophan degradation (Fig. 2) . Thus, dietary requirements are dependent on the level of tryptophan in the diet.
However , the efficiency of this pathway is species-dependent according to the presence andor activities of the enzymes involved in tryptophan catabolism. In cats, rate of removal of the intermediate a-amino-P-carboxymuconic-esemialdehyde is so rapid that no nicotinic acid is produced (Da Silva et al. 1952; De Castro et al. 1957; Ikeda et al. 1965) . This is due to the high activity of a-picolinic carboxylase which actively transforms tryptophan into glutamic acid even after tryptophan loading (Da Silva et al. 1952) . Accordingly, although dogs have historically played an important role in the understand- ing of the development of pellagra in humans, their requirements for nicotinic acid are smaller than those of cats (growing dog 717 p,g/MJ metabolizable energy (ME), growing cat 1912 p.g/MJ ME; Morris .
Vitamin A
The term vitamin A correctly applies only to retinol, retinaldehyde and retinoic acid. Preformed retinol is found in foods of animal origin and some bacteria, while only small amounts of retinaldehyde and retinoic acid may occur in foods. Dehydroretinol can be reduced to retinol in vivo, has half the biological activity of retinol, and can be found as a dietary source in freshwater fish and amphibians. A number of carotenoids, called provitamin A carotenoids, are present in plants, fruits and milk. Among these compounds, f3-carotene is the most important because in most animals it has the highest vitamin A activity when transformed by intestinal carotene dioxygenase (EC 1.14.99.5) to retinaldehyde (Turner, 1934) . However, the activity of this enzyme is low, so that in many species such as dogs and humans a relatively large proportion of ingested p-carotene may appear in the circulation unchanged. In cats, this situation is pushed to an extreme since this enzyme is undetectable in their intestinal mucosa (Gershoff et al. 1957) . Thus, the requirement of cats for vitamin A can be fulfilled only from food of animal origin, which provides preformed vitamin A.
ESSENTIAL FATTY A C I D R E Q U I R E M E N T S
Most animals have a requirement for polyunsaturated fatty acids (n-6 series) which can be satisfied by the provision of linoleic acid (18:2n-6) in the diet. Alternating steps of desaturation and chain elongation allow production of y-linolenic (18:3n-6), dihomoy-linolenic (20:3n-6) and arachidonic acids (20:4n-6) successively (Fig. 3) . Early studies on these metabolic pathways were carried out in rats and it was assumed that they were (1977) reported that cats were unable to synthesize y-linolenic acid from linoleic acid or arachidonic acid from dihomo-y-linolenic acid because of a defect in A6-desaturase and A5-desaturase activities. Frankel & Rivers (1978) then fed evening primrose oil (rich in y-linolenic acid) to cats that had previously been fed on safflower seed oil as the only source of fat. After 5 d there were increased levels of y-linolenic and dihomo-y-linolenic acids but not of arachidonic acid that led these authors to postulate a lack of A5-desaturase activity. However, after 10 weeks the level of arachidonic acid was increased (Frankel, 1980) . Meanwhile, Sinclair et al. (1979) showed the ability of cats to synthesize arachidonic acid from y-linolenic and dihomo-y-linolenic acids but not from linoleic acid and concluded that A5-desaturase activity was present in the liver of the cat. In conclusion, cats, unlike dogs, have an essential requirement for arachidonic acid because of limiting A6-desaturase activity. Since arachidonic acid is present only in fat of animal origin, cats must be seen as obligate carnivores.
CARBOHYDRATE METABOLISM
Providing their diet supplies sufficient gluconeogenic amino acids and fat (thus, glycerol), cats can be maintained on a carbohydrate-free diet. In dogs, although carbohydrate can be of importance in the diets of some racing breeds (Legrand-Defretin & Munday, 1993) , there is no known minimum requirement for this nutrient. However, petfoods commonly contain moderate to high levels of carbohydrate (i.e. cat foods 70-500 g/kg dry weight, dog foods 60-700 g/kg dry weight). Starch, sucrose and lactose are the main dietary carbohydrates, although lactose and sucrose, present in milk and sugar cane respectively, are less common in the diets of cats and dogs. In addition, it has been reported that both adult cats and dogs can exhibit lactose intolerance characterized by severe diarrhoea (Morris et al. 1977; Mundt & Meyer, 1989) . Cats also differ from dogs in their carbohydrate metabolism since they appear to be in a constant state of gluconeogenesis. The concentration of hexokinase (EC 2.7.1.1) in the feline liver is similar to that of other omnivorous animals but glucokinase (EC 2.7.1.2) activity is lower, suggesting that cats will not be able to handle high-carbohydrate diets (Ballard, 1965) . Pancreatic amylase (EC 3.2.1.1) activity is approximately three times higher in the dog than in the cat and high levels of dietary starch stimulate intestinal amylase activity to a greater extent in dogs than in cats (Meyer & Kienzle, 1991) . Cats can maintain their plasma glucose levels when starved after having been fed on a high-protein diet, whereas cats previously fed on a high-carbohydrate diet showed decreased glucosaemia (Kettlehut et al. 1978) . Increasing the protein level of cat rations does not stimulate the activity of phosphoenolpyruvate carboxykinase (EC 4.1.1.32), a key glucorieogenic enzyme (Kettlehut et al. 1978) . The activity of another gluconeogenic enzyme, hepatic serine-pyruvate aminotransferase (EC 2.6.1.51), has been reported to be very high in cats and other carnivores (Rowsell et al. 1979) . Finally, both glucagon and insulin seem to be more responsive to amino acid stimuli than to glucose (for review, see .
C O N C L U S I O N
Although the present review of the nutritional differences between dogs and cats is not intended to be exhaustive, the examples of feline peculiarities presented here illustrate the obligate carnivorous nature of this animal. The field of carnivorous nutrition is wide and has not been extensively studied. However, it can be suggested that the cat could be used as a model to illustrate and show well-established pathways in a new light. For example, lions, like cats, are unable to desaturate linoleic acid (Rivers et al. 197tib) . It is believed that the lack of adaptation of cats to changes in dietary composition is the consequence of low evolutionary pressure. Although both cats and dogs have been associated with humans for millennia, the latter have developed a dependence on humans for finding food whereas the former have kept their hunting nature. In terms of practical feeding, it seems evident that cat food should contain animal-derived raw materials to ensure that all their requirements are met.
